Gold nanoparticles (AuNPs) exhibit interesting physico-chemical properties, which is a reason why they have become a highly useful and intensely studied material. The optical properties of AuNPs arise from their localised surface plasmon resonance (LSPR) property where the colour generated depends foremost on size and shape of the AuNPs. The surface chemical properties of AuNPs are generally a function of the ligand molecules that adsorb or bind onto the NP surface. This occurs either during synthesis where the reducing agent and or its product adsorb onto the AuNP surface, or by post-synthesis modifications of the AuNPs via, e.g., ligand-exchange reactions. Engineering or functionalising the surface chemistry of NPs allows for customising the surface chemical properties of such NPs for particular applications, e.g., biosensing. To facilitate this surface engineering or functionalisation, it is desirable that the surface is essentially free of adsorbed entities, i.e., it is 'naked'. However, naked NPs tend to agglomerate/aggregate easily and need arises for stable naked NPs. Here, we demonstrate the synthesis and functionalisation of stable 'naked' AuNPs in aqueous medium using Na 2 S 2 O 5 to reduce an Au 3+ precursor salt at room temperature and within a few minutes. Such AuNPs have optical properties similar to those of commonly used AuNPs produced with trisodium citrate (TSC) and are stable for several months at ambient conditions. The zeta potential of such AuNPs is close to zero mV suggesting that only a surface layer adsorption of SO 4 2-ions occurs to provide this near electrically neutral NP surface. The 'naked' AuNPs were subsequently functionalised with poly(methacrylic acid), polyvinylpyrrolidone, Tween 20 and following this, with 16-mercaptohexadecanoic acid to facilitate binding of the resulting functionalised AuNPs to a particular reactive target. We provide evidence for the successful and reliable functionalisation of AuNPs produced with Na 2 S 2 O 5 , which can open up a range of applications.
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Introduction
In recent years, gold nanoparticles (AuNPs) have become a highly useful and intensely studied material associated with their fascinating physico-chemical properties [1] [2] [3] [4] [5] [6] . In particular, their localised surface plasmon resonance (LSPR) property make them attractive components in imaging and sensor applications [4, [7] [8] [9] [10] . However, gold itself is rather inert and to be useful in chemical reactions, the surface chemistry of AuNPs needs to be engineered with functional, target-specific capping agents through, e.g., wet-chemical approaches. An often performed reaction in nanotechnological and biological applications using functional, target-specific AuNPs is the coupling reaction of carboxyl-functionalised AuNPs with targets that contain primary amines assisted by 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS) (Figure 1 ) [11] .
These approaches involve numerous steps starting with the preparation of the AuNPs and followed by their functionalisation for further reacting the AuNPs. Typically, the AuNPs are prepared by reducing an Au 3+ precursor to Au 0 with an appropriate reducing agent [6] . The preparation method is critical as it determines the size and shape of the AuNPs and subsequently, their plasmonic properties [12, 13] . However, the surface of the AuNPs is now capped with the redox derivatives of the reducing agent (e.g., trisodium citrate (TSC)) which may be non target-specific for the actual application of the AuNPs. This problem can be solved by replacing the adsorbed species with more appropriate capping agents (e.g., 16-mercaptohexadeconic acid (16-MHA)) [14] . This process is commonly referred to as ligand-exchange. To do ligand-exchange reactions on AuNPs, usually a bifunctional ligand molecule with both, aurophilic and target-specific moieties is chosen. Although often performed, the implementation of this strategy is not straightforward. The most pressing question for an experimentalist is often: "Did the ligand molecule replace the adsorbed species from the synthesis step and if yes, how completely?" The analytical tools to answer these questions are limited and the experimentalist is often left with crude assumptions based on, e.g., a slight shift of the LSPR band in the visible absorption spectra [15] , which appear sometimes very insignificant [16] . A very simple solution to this overall ligand-exchange problem is the use of 'naked' AuNPs. Such 'naked' AuNPs can be synthesised in a microwave reaction without reducing agent at all [17, 18] or with very small molecules such as NaBH 4 [19] that oxidises in aqueous medium to H 2 and NaBO 2 . This means the surface of the AuNPs is only covered by very small ions, which are relatively weakly bound and hence, easily exchanged by the appropriate capping agent [20] . However, the downside of this approach is that these AuNPs show often very low colloidal stability and their trend to easily agglomerate/aggregate makes them basically unworkable. Plus, in the case of NaBH 4 , the AuNPs are too small to exhibit intense LSPR [21, 22] . In general, this is a disadvantage when the AuNPs are used, for example in biosensing applications where a colour change is observed owing to their intense red hues resulting from strong LSPR properties. Here, we present a simple and controlled wet-chemical strategy to produce stable 'naked' AuNPs for engineering their surface chemistry. The term 'naked' was chosen because the AuNPs are capped initially by only small ions that are weakly bound to the AuNP surface and subsequently, easily replaced by appropriate ligand molecules. Hence, for this approach sodium metabisulfite (Na 2 S 2 O 5 ) was selected as the reducing agent. First, the stability of the AuNPs produced by the reduction with sodium metabisulfite 2 2 5 Na S O A ( u ) was investigated. Second, the surface modification strategy involved the surfactants poly(methacrylic acid) (PMA), polyvinylpyrrolidone (PVP) and Tween 20, and the target-specific, bifunctional agent 16-MHA. Finally, it is shown that functionalisation with 16-MHA enables the AuNPs (Au 16-MHA ) to interact with an amino-acid containing substrate. We show that as a result of the preparation of stable 'naked' AuNPs, ligand-exchange reactions are unnecessary to facilitate the further functionalising of AuNPs. This strategy may be generally applied to realise controlled design and manipulation of particle surface chemistry for incorporating functional AuNPs with intense colour in materials.
Experimental
All chemicals were used as received. Gold(III) chloride trihydrate (HAuCl 4 ·3H 2 O, ≥99.9% trace metals basis), poly(methacrylic acid, sodium salt) solution (PMA, 30 wt.% solution in water), polyvinylpyrrolidone (PVP, powder, average Mw 55,000) and 16-mercaptohexadecanoic acid (16-MHA, 90%) were purchased from Aldrich. Sodium metabisulfite (Na 2 S 2 O 5 , ≥97%), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, powder, commercial grade) and N-hydroxysuccinimide (NHS, 98%) were obtained from Sigma-Aldrich. Tween 20 was purchased from J. T. Baker Chemical Co. 2-(N-morpholino)ethanesulfonic acid (MES, ultrapure, >99.5%) was obtained from Apollo Scientific Ltd. Pettinata merino wool with a mean fibre diameter of 17.5 µm was sourced from Pettinatura Lane di Romagnano Sesia S.p.A., Italy.
Synthesis
In a typical synthesis, 2 2 5 Na S O Au was prepared by combining distilled water (60 ml) with an aqueous HAuCl 4 solution (1 ml, 10 mM, pH 2.4) and an aqueous Na 2 S 2 O 5 solution (1 ml, 10 mM). The mixture was thoroughly stirred and left to react at room temperature (RT) for 17 h or at 60°C for 30 min. The reaction mixture turned pink within few minutes indicating the formation of AuNPs.
PMA and PVP-stabilised ) or an aqueous PVP solution (1 ml, 5 g l -1 ) to the water/HAuCl 4 /Na 2 S 2 O 5 mixture described above before reacting at RT for 17 h. ) to 2 2 5 Na S O Au (10 ml, prepared as described above) and incubating for 35 min under gentle shaking on a shaker table. Next, ethanol (1.5 ml, absolute) as co-solvent and an ethanolic 16-MHA solution (100 µl, 10 mM) were added. The mixture was reacted at RT for 1.5 h under gentle shaking on a shaker table. The reaction mixture turned 'murky' indicating the functionalisation of AuNPs.
Coupling reactions between Au 16-MHA and wool fibres were assisted by EDC/NHS. The reaction was performed by mixing Au 16 
Characterisation
Transmission electron microscopy (TEM) images and chemical composition were acquired on a JEOL 2010 electron microscope with a LaB6 filament operated at 200 keV and equipped with an integrated energy-dispersive X-ray spectroscopy (EDS) system. Samples were drop cast onto 400 mesh ProSciTech copper grids with formvar and heavy carbon coating. Particle size measurements from TEM images were performed with ImageJ 1.46r software. Visible absorption spectra of solutions were recorded with an Agilent 8453 spectrophotometer. The dynamic light scattering (DLS) technique was used to determine the zeta potential (ZP). The measurements were performed with a Zetasizer Nano ZS from Malvern Instruments.
Results and discussion
Stable 'naked' AuNPs were synthesised with Na 2 S 2 O 5 and their optical and surface properties were compared with those of AuNPs synthesised with TSC (Au TSC ). Au TSC has been chosen as benchmark system because, owing to its optical properties, it is a well-known system that has been studied intensely since the early 1950s [24] [25] [26] [27] [28] and is widely used in nanotechnological applications [29] [30] [31] [32] [33] . particles are predominantly spheroidal and uniform in size. In addition there are very minor amounts of triangular, cubic and rod-like shapes. The average particle diameter is 33 nm with a standard deviation (σ) of 5 nm (Figure 2(b) ). The particles can be multiply twinned (Figure 2(c) ). EDS confirms that the particles are of gold (Figure 2(d) ). Carbon, copper and chromium were also detected. However, carbon and copper originate from the TEM grid whereas chromium is a contamination in our TEM system. The results shown here for 2 2 5 Na S O Au are similar to those reported for Au TSC [27] indicating that there are no significant differences in average size, morphology and chemical composition of the two systems and A major difference in these two systems lies in their surface charges. While Au TSC has a considerable negative surface charge owing to adsorption of redox derivatives of TSC and excess TSC onto the Au surface, zeta potential measurements confirmed that the surface charge of 2 2 5 Na S O Au is basically zero. This strongly indicates that 2 2 5 Na S O Au are 'naked' and hence, ideal for functionalisation. This is explained by the coupled oxidation of Na 2 S 2 O 5 to SO 4 2-with the reduction of Au 3+ to Au 0 , forming stable AuNPs as shown above. X-ray photoelectron spectroscopy measurements by Johnston and Lucas [35] have suggested some Au + ions are present on the surface of AuNPs which will give them a very small positive surface charge. It is likely therefore that the SO 4 2-ions are adsorbed onto AuNP surfaces. However, they are weakly bound [20] and considered to be too small to provide AuNPs with a stabilisation other than a relatively small electrostatic one. Although 2 2 5 Na S O Au is a rather fragile system as the particles are practically 'naked', its long-term stability is surprising. As seen in Figure 3 , after five months at ambient conditions and exposure to light, the visible spectrum and hence, the optical properties of 2 2 5 Na S O Au are very similar to those recorded for the AuNPs 10 minutes after synthesis.
The slight broadening of the 527 nm absorption band on the longer wavelength side suggests a very slight increase of the average particle diameter has taken place over the five month timeframe, but the colloid is still stable. This is a very significant attribute of these 'naked' AuNPs. This result shows that size and shape of the particles stay practically unaltered for at least five months and neither agglomeration nor significant Ostwald ripening occurs [36] . After having confirmed that size, shape and optical properties of 2 2 5 Na S O Au are closely identical to those of Au TSC , possibilities for functionalising and further stabilising 2 2 5 Na S O Au were investigated. For this, polyanionic PMA and nonionic PVP, two common stabilisers for colloidal particles, were chosen. In both cases, the surface functionalisation was straightforward and resulted in stable colloidal solutions. This indicates that both, PMA and PVP interact with the AuNP surface and are able to replace the adsorbed SO 4 2- ions. The visible absorption spectra presented in Figure 4 show that in both cases the height of the LSPR absorbance bands increased nearly linearly with increasing Au ( Figure 3 ). These results indicate that polyelectrolytes influence the immediate dielectric environment of AuNPs resulting in a slight influence on the LSPR properties of 2 2 5 Na S O Au [37, 38] . Additionally, it is possible that the presence of polyelectrolytes during AuNP synthesis influences the final average size of the AuNPs. Because LSPR properties of AuNPs are directly related to their size, shape and dielectric environment, the slight difference in the position of the LSPR band could result from the PMA-stabilised 2 2 5 Na S O Au particles being slightly smaller than their 'naked' counterparts and PVP-stabilised 2 2 5 Na S O Au particles being slightly larger. It could also result from differences in the dielectric environments of the differently capped nanoparticles due to the PMA or PVP, respectively. Furthermore, it is noticed that the absorbances of PVP-stabilised 2 2 5 Na S O Au are considerably more intense than those of the corresponding PMA-stabilised 2 2 5 Na S O Au . This result suggests that PVP is likely functioning as a co-reductant, resulting in higher final AuNP concentrations [39] . In general, this observation provides evidence that the conversion rate of Au 3+ to Au 0 is enhanced by the capping agent and that this enhancement depends on the nature of the capping agent. To understand these results more fully, a future systematic detailed study is necessary. However, the findings demonstrate that the strategy presented here is versatile and controlled, allowing for routinely manipulating the surface chemistry of 2 2 5 Na S O Au with polyelectrolytes while practically sustaining the optical properties of the AuNPs.
After having shown that 2 2 5 Na S O Au can be modified with polyelectrolytes, the functionalisation with 16-MHA was investigated. For this, 2 2 5 Na S O Au nanoparticles were treated with the polyoxyethylene derivative Tween 20, before adding 16-MHA ( Figure 5 ). Without using Tween 20, the functionalisation step resulted in the formation of large flocks, indicating that the AuNPs were linked via hydrogen bonding and hydrophobic interaction of the alkyl tail. This finding suggests that an 'auxiliary agent' is necessary to maintain sufficient stabilisation of 2 2 5 Na S O Au against aggregation during functionalisation.
The successful functionalisation of Tween 20-stabilised 2 2 5 Na S O Au with 16-MHA and subsequent EDC/NHS-assisted coupling reaction with an amine-containing substrate was monitored with visible absorption spectroscopy ( Figure 6 ). The functionalisation with 16-MHA resulted in both a slight absorbance increase and red-shift of the LSPR band of 2 2 5 Na S O Au (Figure 6(a) and (b) ). Although the shifts are very small (3 nm), there is a slight broadening of the bands and the colour of the colloidal solutions changed significantly from bright pink (Figure 3, inset) to murky red (Figure 6(b), inset) . This finding indicates that the immediate dielectric environment of the AuNPs was changed by 16-MHA adsorption onto the Au surface and likely bonding of the S in 16-MHA to the Au, and hence, successful functionalisation was achieved. Zeta potential measurements showed that Au 16-MHA had a slight negative surface charge of -3 mV at pH 3.3 owing to the carboxyl group of 16-MHA. This pH is below the pK a of self-assembled 16-MHA at pH 6.3 [40] resulting in low acid dissociation of the 16-MHA and consequently, the small negative electrical surface charge or zeta potential. Despite insignificant electrostatic stabilisation, Au 16-MHA colloids were very stable suggesting that both, Tween 20 and 16-MHA provide effective steric stabilisation to the AuNPs. Subsequently, Au 16-MHA was reacted with a target entity that contained primary amine groups, namely amino acid entities in the keratin proteins of the wool fibres. The coupling reaction was assisted with EDC/NHS and resulted in almost complete uptake of Au 16-MHA from solution by the wool fibres as shown by the very small LSPR absorption band in the spectrum of the residual exhausted solution (Figure 6(a) , red curve). Upon completion of the coupling reaction and drying, the wool fibres were light pink confirming that the AuNPs were successfully attached to the wool fibres. Furthermore, the AuNPs retained their pink colour demonstrating that the functionalisation of In a previous study by Davis et al. [41] , AuNPs were produced with sodium thiosulfate (Na 2 S 2 O 3 ) using an Au 3+ : Na 2 S 2 O 3 ratio of 10 : 3. However, Davis' preparation did not yield stable colloidal solutions. Here, the optimal Au 3+ : Na 2 S 2 O 5 ratio was found to be 1 : 1 indicating that Na 2 S 2 O 5 is a slightly weaker reductant than Na 2 S 2 O 3 . The stoichiometry of the redox reaction that leads to the formation of 2 2 5 Na S O Au is proposed as follows: Na 2 S 2 O 5 decomposes in water to sodium hydrogensulfite (NaHSO 3 ) which then reacts with Au 3+ /[AuCl 4 ] -in a redox reaction (equations (1)- (3)). The overall reaction stoichiometry of Au 3+ : Na 2 S 2 O 5 has a molar ratio of 4 : 3. This indicates that the optimal reaction conditions for 2 2 5 Na S O Au require a slight stoichiometric oversupply of Na 2 S 2 O 5 .
Conclusions
This research successfully demonstrates a novel method for producing routinely 'naked' AuNPs that are very uniform in size and shape, and the colloid is stable for several months at least. This utilises Na 2 S 2 O 5 to reduce an Au 3+ precursor salt at room temperature and within a few minutes. The subsequent functionalisation of these 'naked' AuNPs with PMA, PVP and Tween 20 has been demonstrated. In addition, the further functionalisation with 16-MHA facilitates binding of the resulting functionalised AuNPs to a particular reactive target, for which we have used wool fibres as an example. The wet-chemical preparation of stable 'naked' AuNPs presented here is facile and, owing to their 'nakedness', their functionalisation is achieved without ligand-exchange reaction. This makes 2 2 5 Na S O Au an excellent material for AuNP functionalisation, simplifying significantly a range of applications where reliable and facile functionalisation of AuNPs is required, particularly in biosensing.
